Type 1A diabetes (the immune-mediated form of diabetes mellitus) occurs in many species. The NOD mouse is a particularly well-studied animal model. T cells of NOD mice target multiple islet molecules, and a recent international workshop found consistent evidence for specific anti-insulin autoantibodies (1). There is evidence in both humans and NOD mice for intraand intermolecular epitope spreading with progression to diabetes (2-5), and T cell clones reacting with multiple antigens in mice rapidly transfer diabetes (6).
Introduction
Type 1A diabetes (the immune-mediated form of diabetes mellitus) occurs in many species. The NOD mouse is a particularly well-studied animal model. T cells of NOD mice target multiple islet molecules, and a recent international workshop found consistent evidence for specific anti-insulin autoantibodies (1) . There is evidence in both humans and NOD mice for intraand intermolecular epitope spreading with progression to diabetes (2) (3) (4) (5) , and T cell clones reacting with multiple antigens in mice rapidly transfer diabetes (6) .
Our group has been particularly interested in autoimmunity directed at insulin following the discovery by Daniel, Wegmann, and colleagues that the majority of islet CD4 + infiltrating T cells recognize insulin and that, of such T cells, more than 90% react with the amino acids 9-23 of the insulin B chain (B:9-23) (6, 7). The NOD CD4 + T cell clones recognizing B:9-23 usually express the Vα13.3 chain variable segment with Jα45 or Jα34 but have no apparent restriction of the nDn junction (8) . Two different epitopes, B:9-16 and B: [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , which share only four amino acids, B:13-16 (EALY), within B:9-23, are recognized by the AV13S3 T cell clones (9) .
In the NOD mouse, CD4 + anti-B:9-23 T cells were present in islets at the earliest time studied (4 weeks of age); a NOD CD8 pathogenic T cell clone reacting with peptide B:15-23 has also been described (10) . Even in BALB/c mice, administration of the B:9-23 peptide induces high levels of antibodies that react with intact insulin and are not absorbed by the peptide (11) . This B:9-23 insulin sequence is identical in multiple species, including humans and mice. Human T cells reacting with B:9-23 were detected in new-onset and at-risk patients using an ELISPOT assay (12) . Recently the crystal structure of the B:9-23 peptide bound to DQ8 was described (13) . An altered-peptide ligand of the insulin peptide B:9-23 is able to suppress diabetes in NOD mice and is in phase I clinical trials in humans (12) .
Self-peptides have been considered poor immunogens, but a recent phase II clinical trial in patients with multiple sclerosis using an altered-peptide ligand of a myelin basic protein peptide resulted in immediate hypersensitivity reactions in a subset of patients (14) . Similarly, mice immunized with the self-antigen myelin proteolipid protein experienced anaphylactic shock (15) . Following prevention studies of the B:9-23 peptide in adjuvant, we began studies of the subcutaneous (SQ) administration in saline of B:9-23 peptide. Such administration was chosen to avoid the difficulty of using adjuvants, and multiple injections were chosen to enhance disease prevention. In the first experiment, with a 100-µg dose of peptide B:9-23, eight of ten mice There is evidence that amino acids 9-23 of the insulin B chain are a major target of anti-islet autoimmunity in type 1 diabetes. Administration of this peptide to NOD mice prevents diabetes, and phase I trials of an altered peptide ligand of B:9-23 are underway in humans. We were interested in longterm subcutaneous therapeutic administration of B:9-23 without adjuvant. To our initial surprise, the peptide consistently induced fatal anaphylaxis in NOD mice after 6 weeks of administration. Anaphylaxis could be blocked by a combination of antihistamine and platelet-activating factor antagonist (but neither alone) or by a combination of anti-IgG receptor and anti-IgE antibodies. High titers of anti-B:9-23 antibodies were induced within 3-4 weeks of immunization with the peptide. Peptide B:13-23 also induced anaphylaxis and was more potent than peptide B:9-23. Antibodies induced by peptide B:9-23 and peptide B:13-23 did not cross-react with each other. Thus, the insulin peptides B:9-23 and B:13-23, even when administered subcutaneously in the absence of adjuvant, can induce a dramatic humoral response leading to fatal anaphylaxis in NOD mice.
died of apparent acute anaphylaxis minutes after injection during the seventh week of treatment. This led to the current study of insulin peptide induction of autoantibodies and anaphylaxis.
Methods
Mice and induction of anaphylaxis. Female NOD mice were obtained from Taconic (Germantown, New York, USA) and housed in the pathogen-free animal colony at the Barbara Davis Center for Childhood Diabetes. The mice were injected with HPLC-purified insulin peptide B:9-23 (Research Genetics, Huntsville, Alabama, USA). Briefly, the peptide was dissolved in sterile saline and adjusted to a neutral pH, at a concentration of 100 µg in 100 µl. A total of 100 µg of B:9-23 was injected subcutaneously in the scruff of the neck, starting at 4-6 weeks of age or at 11 weeks of age, and given on days 1-5 and 8 and then weekly thereafter. Alternatively, B:9-23, B:13-23, or tetanus toxin peptide (TT:830-843) was administered at a dose of 10 µg in 100 µl of saline, starting at 4 weeks of age or 10-11 weeks of age. Mice were monitored for clinical signs of anaphylaxis (see below). Consistently, onset of anaphylaxis occurred 6 weeks from the start of B:9-23 peptide immunization (100 µg/dose) in the mice immunized subcutaneously at 4-6 weeks of age but was not observed when subcutaneous immunization started at 11 weeks of age. Five weeks from the start of B:13-23 peptide immunizations (10 µg/dose), anaphylaxis occurred in the mice, regardless of age at immunization. There were no clinical signs of anaphylaxis in the mice immunized with B:9-23 or TT:830-843 at 10 µg/dose regardless of age at immunization. Serum for antibody measurement was obtained on a weekly basis, also starting at 4 weeks of age, and blood glucose was monitored weekly using the Glucometer Elite blood glucose meter (Bayer Corp., Mishawaka, Indiana, USA) starting at 12 weeks of age. Any diabetic mouse (defined as blood glucose > 250 mg/dl on two consecutive measurements) was sacrificed (there were only two in the B:13-23 group immunized at 11 weeks of age).
Monitoring of anaphylaxis. A clinical scoring system was developed to monitor anaphylaxis in the mice based on activity and level of alertness: A 0 score represented normal behavior, 1 represented decreased spontaneous activity, 2 represented decreased activity with falling over and a loss of the self-righting reflex, and 3 was assigned to mice that became moribund with cool, cyanotic extremities. Excessive scratching was observed early in most mice that had clinical anaphylaxis but was not included in the scoring system. A score of 0-3 was given to each mouse before injection with insulin peptide and every 5 minutes following induction of anaphylaxis for the next 30 minutes. In addition, temperature was recorded by the use of a rectal probe and thermometer (451 Probe and 4600 Precision Thermometer; Yellow Springs Instrument Co., Yellow Springs, Ohio, USA) to monitor changes in core temperature. Decreased core temperature is associated with most forms of shock, including anaphylactic shock. Any mouse that became moribund or experienced prolonged anaphylaxis beyond 30 minutes was sacrificed. Mice that recovered from anaphylaxis were restudied 1 or more weeks later.
Protection from anaphylaxis. To determine the mechanism of anaphylaxis, mice were pretreated with triprolidine (Sigma-Aldrich, St. Louis, Missouri, USA), an H1 antihistamine, CV-6209 (Wako Chemicals USA Inc., Richmond, Virginia, USA), a platelet-activating factor (PAF) antagonist, or a combination of both. Triprolidine was prepared at a final concentration of 200 µg in 100 µl of sterile PBS and injected intraperitoneally 45 minutes before induction of anaphylaxis. CV-6209 was prepared at a concentration of 66 µg in 100 µl of sterile saline, adjusted to neutral pH, and injected intravenously 5 minutes prior to induction of anaphylaxis. Control mice received sterile saline intraperitoneally or intravenously. H1 antagonists have been shown to inhibit murine anaphylaxis that is mediated by IgE antibodies and mast cells, while PAF antagonists have been shown to inhibit murine anaphylaxis that is mediated by IgG antibodies and macrophages (16) . A second group of mice was pretreated with 0.5 mg of 2.4G2, a rat IgG2b mAb that reacts with two mouse receptors for the Fc fragment of IgG (FcγRII and FcγRIII) (American Type Culture Collection, Rockville, Maryland, USA), or 0.2 mg of EM95, a rat IgG2a mAb that reacts with mouse IgE antibodies (Zelig Eshhar, Weizmann Institute of Science, Rehovot, Israel), or with both mAb's. J1.2, a rat IgG2b mAb, and GL117, a rat IgG2a mAb (both from John Abrams, DNAX Research Institute, Palo Alto, California, USA), were administered as control antibodies. Antibodies were produced as ascites in pristane-primed nude mice and purified by ammo- nium sulfate fractionation and DE-52 ion exchange chromatography. All antibodies were injected subcutaneously in the scruff of the neck 24 hours prior to the induction of anaphylaxis. EM95 has been shown to inhibit murine anaphylaxis that is mediated by IgE antibodies and mast cells, while 2.4G2 has been shown to inhibit murine anaphylaxis that is mediated by IgG antibodies and macrophages (16) .
Measurement of anti-B:9-23 antibodies.
As stated earlier, mice were bled, and serum was obtained weekly and stored at -4°C until assayed. Antibodies against insulin peptide B:9-23 were measured by ELISA. High-binding Costar EIA/RIA 96-well plates (Corning Inc., Life Sciences, Acton, Massachusetts, USA) were coated overnight at room temperature with 1 µg of B:9-23 in 100 µl of PBS per well. After this, wells were blocked with a buffer containing PBS, 2% BSA, and 0.01% sodium azide for a minimum of 2 hours at room temperature. Next, serum samples were diluted at either 1:500 or 1:30,000 in blocking buffer and incubated in each well for 2 hours. Biotin-conjugated rat anti-mouse IgG1 mAb (BD Biosciences, PharMingen, San Diego, California, USA) was diluted 1:5,000 in PBS, and 100 µl was added to each well for 30 minutes. Afterwards, 100 µl of streptavidin-horseradish peroxidase conjugate (BD PharMingen, USA), diluted 1:4,000 in PBS, was placed in each well for 15 minutes. Lastly, 3,3′,5,5′-tetramethylbenzidine substrate (BD PharMingen, USA) was added, and absorbance at 450 and 550 nm was analyzed with a Bio-Rad model 3550 Microplate Reader (Bio-Rad Laboratories Inc., Life Science Research Group, Hercules, California, USA).
Absorption experiments were performed using the ELISA technique described above. However, before the 1:30,000-diluted serum samples were placed into the 96-well plate, the samples were preincubated with B:9-23, B:13-23, whole insulin, or TT:830-843 at concentrations of 10 µg/ml down to 0.01 µg/ml by tenfold serial dilutions. After 20 minutes, the samples were loaded onto the 96-well plate and the remainder of the protocol was completed.
To measure the dose-dependent response of anti-B:9-23 antibodies in mice, 4-week-old female BALB/c mice were immunized with B:9-23 (10 µg/dose or 100 µg/dose) using the same schedule. ELISA assay was performed as described above using serum diluted at 1:500. However, rather than streptavidin-horseradish peroxidase for detection, streptavidin-europium (0.1 mg/ml) was used at a concentration of 5 µl in 10 ml of PBS, at 100 µl per well for 15 minutes. Afterward, the plate was washed, 200 µl of enhancement solution (Delphia; Wallac Oy, Turku, Finland) was added to the wells, and the wells were gently shaken for 10 minutes before being placed on the fluorometer.
The results are given in cpm; an index was calculated based on positive and negative standards. The formula for the B:9-23 index is (sample cpm -negative control cpm)/(positive control cpm -negative control cpm). For NOD and BALB/c mice immunized with high-dose B:9-23 (100 µg/dose), the lower limit of detection was 1:10 6 . For mice immunized with low-dose B:9-23 (10 µg/dose), the lower limit of detection for anti-B:9-23 IgG1 antibodies, was less than 1:30,000.
Results
Anaphylaxis, as defined above, was consistently induced after 6 weeks of repeated SQ injections of B:9-23 (100 µg/dose) to NOD mice when the injections started at an early age (4-6 weeks) but not when they started at 11 weeks. Interestingly, the older (11-week-old) mice were resistant to anaphylaxis even after 10 weeks of SQ injections of B:9-23 (100 µg/dose). However, anaphylaxis could be induced in these mice (six of six) when peptide was given intravenously at 20 weeks of age following SQ immunizations begun at 11 weeks. This was an extremely vigorous anaphylactic response with five fatalities within 10 minutes. Neither peptide B:9-23 nor a control tetanus toxin peptide (TT:830-843) induced anaphylaxis when administered SQ at 10 µg/dose. For mice receiving the peptide B:13-23 (10 µg/dose), onset of anaphylaxis was predictably 
Figure 2
Clinical anaphylaxis score of NOD mice sensitized and induced to experience anaphylaxis with B:9-23 peptide. Mice were pretreated with control antibodies, EM95, 2.4G2, or both EM95 and 2.4G2.
weeks after the institution of repeated injections, whether the injections started at 4 or at 11 weeks.
The induction of anaphylaxis is summarized in Table  1 . All mice eventually experienced anaphylaxis when immunized with B:9-23 (100 µg/dose) starting at 4 weeks of age, and 19 of 21 mice experienced anaphylaxis when immunized with B:13-23, irrespective of age at start of immunization. (Two developed diabetes and were sacrificed prior to development of anaphylaxis.) Treatment with B:9-23 or TT:830-843 at 10 µg/dose, when started at any age, did not induce anaphylaxis.
We determined the H1-and PAF-dependence of peptide immunization-induced anaphylaxis by treating mice with H1 and/or PAF antagonists prior to the last of a series of peptide injections. Anaphylaxis was induced in these mice with either B:9-23 (100 µg/dose) starting at 4 weeks of age or B:13-23 (10 µg/dose) starting at 11 weeks of age. Both of two mice experienced anaphylaxis (one fatally) following injection of either peptide B:9-23 or B:13-23 despite pretreatment with the PAF antagonist. Both of two mice pretreated with the H1 antagonist also experienced anaphylaxis (one fatally). Nine of nine mice pretreated with both the PAF antagonist and the H1 antagonist (in a total of 14 trials of anaphylaxis induction) remained asymptomatic and free of anaphylaxis. These nine mice experienced anaphylaxis in later trials that used saline pretreatment. Six additional mice pretreated with saline placebo prior to induction (for a total of 15 of 15 mice) also experienced anaphylaxis following insulin peptide administration, and 7 of 15 died. Figure 1 demonstrates examples of rectal temperature and clinical anaphylaxis scoring results.
To evaluate the IgE and IgG dependence of anaphylaxis, 19 NOD mice were primed with B:9-23 peptide (100 µg/dose starting at 6 weeks of age) and anaphylaxis was induced 6 weeks later. Five of five mice pretreated with anti-FcγRII/RIII mAb and four of five mice pretreated with anti-IgE mAb experienced anaphylaxis, and three anti-IgE mAb-treated mice died. All four mice pretreated with both anti-IgE and anti-FcγRII/RIII mAb's remained asymptomatic, while all five mice that received both control mAb's experienced anaphylaxis and one died (Figure 2) .
High titers of antibodies reacting with either B:9-23 peptide or B:13-23 peptide were detected. IgG1 antibodies to the B:9-23 peptide (100 µg/dose) were detected within 3 weeks of immunization and peaked approximately 3 weeks prior to the onset of clinically detectable anaphylaxis (Figure 3 ). These antibodies were still detectable above assay background at a dilution of sera of 1:10 6 . Figure 4 demonstrates the anti-B:9-23 levels in mice immunized with B:9-23 at 10 µg/dose. The antibody levels were considerably lower and were detected at a dilution of 1:500. Unimmunized or control TT:830-843-immunized mice did not develop antibodies to B:9-23 that were detectable by ELISA (data not shown). The anti-B:9-23 peptide antibodies were not absorbed by intact insulin nor did they cross-react with B:13-23. However, they were absorbed by the immunizing peptide B:9-23 ( Figure 5) . Similarly, B:13-23-induced antibodies were absorbed by B:13-23 but not by B:9-23. Although mice immunized with B:9-23 at 10 µg/dose had detectable anti-B:9-23 antibodies, they were at a lower titer. An example of this is shown in Figure 6 , where BALB/c mice (which do not express spontaneous insulin autoantibodies but do recognize the B:9-23 peptide) are seen to have a dose-dependent anti-B:9-23 response. Similar to the older (11 weeks) NOD mice, these mice were resistant to B:9-23-induced anaphylaxis when injection was subcutaneous but did develop vigorous anaphylaxis when B:9-23 was given intravenously after subcutaneous priming. Thus far, we have not been able to detect, with a similar assay format, IgE antibodies to B:9-23 or B:13-23 in the NOD or BALB/c mouse.
Figure 3
IgG1 antibodies to B:9-23 are detectable within 3 weeks of weekly B:9-23 immunization (100 µg/dose) and peak 2-3 weeks prior to anaphylaxis, in NOD mice. Anaphylaxis occurred at 12 weeks of age in this experiment. Serum obtained from mice is diluted 1:30,000 prior to measurement (lower limit of detection is 1:10 6 dilution). Various symbols represent the anti-B:9-23 antibody level in individual mice followed over multiple injections. Arrows represent a subcutaneous injection of B:9-23 peptide.
Figure 4
NOD mice immunized with a lower dose of B:9-23 (10 µg/dose) also develop anti-B:9-23 antibodies, but in lower levels that are better detected at dilutions of 1:500.
Discussion
Both IgE and IgG1 can elicit allergic reactions in mice (17) , whereas IgG antibodies have not been clearly demonstrated to have a role in human anaphylaxis. PAF is the main mediator of IgG antibody-induced active and passive anaphylactic shock in the mouse (18, 19) , whereas histamine has a major role in IgE-mediated murine anaphylaxis (20) . PAF is elaborated from a variety of cells, including neutrophils, basophils, mast cells, monocytes, macrophages, platelets, and endothelial cells. The predominant receptor for IgG1 antibodies leading to anaphylaxis is FcγRIII (21-23), with FcγRII functioning as an inhibitory receptor (24) . Although IgG1 is the main activator of PAF secretion, studies of mast cell-deficient mice indicate that IgE is also capable of inducing other cells to elaborate PAF (25) . IgE-antigen interactions cause cross-linking of the FcεRI and subsequent mast cell activation (21, 26) . Mice deficient in this receptor are protected from passive cutaneous (26) and passive systemic anaphylaxis (27) . However, evidence of IgE interactions with FcγRII/III suggests a more complex IgE-mediated response than previously thought (23) . In fact, previous studies have demonstrated that the major mediators of mouse anaphylactic shock vary with the strain. For example, BALB/c mice sensitized with BSA emulsified with CFA suffered lethal anaphylaxis that was blocked by either cyproheptadine (an antihistamine, antiserotonin agent) or CV-6209 separately. The C57BL/6 mouse, however, required both cyproheptadine and CV-6209 in combination to adequately prevent lethal shock. Kimura et al. concluded from this that mouse active anaphylactic shock could be classified into the following four types: (a) suppressible by cyproheptadine but not by CV-6209, (b) suppressible by CV-6209 but not by cyproheptadine, (c) suppressible by both, and (d) not suppressible by either (28) .
In our self-peptide model of anaphylaxis, development of anaphylaxis is dependent on the peptide and dose (B:9-23, 100 µg; and B:13-23, 10 µg). With regard to B:9-23 induction, age at induction may also be a factor, with younger mice being more susceptible than older mice. However, when we modified our mode of antigen delivery in the older, "resistant" mice by giving peptide intravenously, we induced a vigorous anaphylactic response that was fatal in five of six mice within 10 minutes. Furthermore, anaphylaxis is also more difficult to induce in 4-week-old BALB/c mice despite the formation of IgG1 anti-peptide antibodies. The ability to eventually induce anaphylaxis with an intravenous dose of B:9-23 suggests a quantitative difference but not an absolute difference between the strains. We find that mice rapidly develop high-titer IgG1 antibodies to B:9-23 or B:13-23 and anaphylaxis in response to repeated self-peptide immunizations in the absence of adjuvant. The antibody response in mice to B:9-23 is dose-dependent. Tetanus toxin peptide, a peptide to which NOD mice respond with T cell proliferation, did not induce antibodies to B:9-23 nor did it induce anaphylaxis. Neither the PAF antagonist nor the H1 antagonist alone prevented anaphylaxis. However, when they are used in combination, all mice are protected. Furthermore, prevention of anaphylaxis is achieved with antibodies to both IgE and FcγRII/III, but not with antibodies to only IgE or only FcγRII/III. This suggests that PAF and histamine are both involved in the hypersensitivity reaction induced by B:9-23 or B:13-23. Each mediator is capable, independently of the other, of promoting the self-peptide-induced fatal anaphylaxis. These findings are consistent with current knowledge that both IgE and IgG1 are involved in systemic anaphylaxis in mice, as well as observations that both PAF and histamine can mediate this process. Complete protection is possible only through the synergistic effects of a PAF antagonist and an H1 antagonist, or by blocking both IgE and IgG. This supports the notion that histamine and PAF are predominantly responsible for the self-peptide-induced anaphylaxis, and that all other mediators can only play a minor role.
IgG1 antibodies to B:9-23 are consistently seen in high titers 3 weeks prior to the onset of clinical anaphylaxis. Antibodies to this self-peptide have not been previously reported in the NOD mouse, and although insulin autoantibodies were present in NOD mice without peptide immunization and increased following administration of the B:9-23 peptide, antibodies to the peptide were not detectable in the absence of subcutaneous peptide administration (data not shown).
It is not known why it is so easy to induce high titers of antibodies to certain self-peptides such as insulin B:9-23 and myelin basic protein, while most studies in the past indicate "tolerance" to self-peptides (17) . A recent report documenting induction of antibodies to a myelin peptide suggested a potential link with absence of thymic expression of the peptide (29, 30) . Transgenes using the rat insulin promoter are expressed within the thymus. A considerable body of evidence indicates that insulin is present in thymus of humans and mice (31) (32) (33) , and low concentrations of insulin are certainly present following secretion by islet cells throughout the body. Thomas and coworkers, using transgenic anti-insulin antibody genes, have provided evidence for induction of tolerance to insulin (34) . It is possible that though insulin/proinsulin is present within the thymus, the specific insulin peptides we are studying are not presented, though there is considerable evidence that these B chain peptides are clearly recognized by T cells of the spontaneous NOD disease model. This ease of recognition may alternatively contribute to their strong immunogenicity, for both disease pathogenesis and induction of anaphylaxis. It actually may be easier to induce anaphylaxis with autoantigenic self-peptides in the absence of adjuvant than with foreign antigens.
Type 1 diabetes is associated with Th1 cytokines, a pattern similar to that seen in the NOD mouse. It has been shown in numerous studies of the NOD mouse that immune deviation to the Th2 type, brought about, for example, by direct administration of cytokines such as IL-4 or IL-10, is capable of preventing diabetes development (35, 36) . It should be cautioned, however, that cytokine shifts observed during other effective murine diabetes prevention therapies may simply be a consequence of the therapy, and not the mechanism responsible for diabetes prevention (37) . It is interesting to note that anaphylaxis induction is possible only with higher doses of B:9-23 (although B:13-23 injections require lower doses), and that repeated injections of the lower dose (10 µg) do not result in anaphylaxis but protect from diabetes. With increasing reports of self-peptide anaphylaxis, this suggests that self-peptide vaccines should be used at the lowest possible therapeutic dose.
A trial in humans by the company Neurocrine using an altered-peptide ligand of insulin peptide B:9-23 is underway. It is certainly hoped that this peptide in humans will not induce allergic reactions, but this will need to be carefully monitored given the present and prior findings of allergic reactions to self-peptides. We are struck by the ability of these peptides in the absence of Freund's adjuvant to induce anti-self-peptide antibodies when administered subcutaneously.
